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The primary particle creates exponentially
increasing number of secondary particle while
traversing the atmosphere. [7]

π+ → µ+ + νµ

π− → µ− + ν̄µ

π0 → 2γ

Muons with energy less than 1 GeV decay in the
atmosphere, however muons with energy higher
than 3 GeV travels to ground level.

µ+ → e
+ + νe + ν̄µ

µ− → e
− + ν̄e + νµ
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Largest Cosmic ray detector
Located in Malargue, Argentina
Deployment started in 2005 and finished in 2008
• 4 fluoresence detector (each has 6 telescopes)
• 1600 water cherenkov tanks
• HEAT (High Elevation Auger Telescopes)
• In-fill Array
• AERA (Auger Engineering Radio Array)
• AMIGA, BATATA
• Monitoring Instruments (CLF, XLF, LIDAR)
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� Inside of cylinderical tanks (1.8m
radius, 1.2m height) is covered with
Tyvek R
 liner [4]
� Each tank is equiped with 3 PMTs
and �lled with puri�ed water.
� PMTs allow a dynamic range of 15
bits. Signals are digitised at 40 MHz,
using 10 bit FADCs. [4]
� GPS receivers are used for timing and
timestamping.
� Self calibration is done with small
showers (single muons).
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Normalized histogram of A/P of
observed events

VEM conversion is done by using Area-to-peak
ratio (A/P)

A/P is obtained from the FADC traces of small
showers (single muons)

A/P change has two features [4]:
• A global decrease in time
• A seasonal variation
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Water Absorption Length Effect

• Absorption Length changed uniformly.
• Absorption Length changed non-uniformly

Assumed change in absorption length:
Layer 1 Layer 2 Layer 3

Case WA-1 (β=0) 1.0 1.0 1.0

Case WA-2 (β=5) 1.0 0.9 0.8

Case WA-3 (β=10) 1.0 0.8 0.6
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Reflectivity (for 2.85eV)
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� Each detector has 6 telescopes
� Each telescope covers 30� � 30� in
azimuth and elevation.
� � 15% Duty cycle

Atmosphere is used as calorimeter.

Charged particles in the shower excite
atmospheric nitrogen molecules. This
results in �uorescence emission between
300-430nm. [3]

Being proportional to the energy
deposited in the atmosphere due to
electromagnetic energy losses by the
charged particles, the number of emitted
�uorescence photons can be estimated.
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Large scale anisotropy [8]

• Data 27 May 2006 were used for
exploratory scan (prescription for search)

• Events with energy E≥56EeV
within ψ=3.1◦ of an AGN
in zmax=0.018 (Dmax ≤75 Mpc)
are called correlated events. [1]

• The 1σ and 2σ uncertainties in this
value are determined such that the area
under the posterior distribution function
is equal to 68% and 95%, respectively.

• pdata = 0.38, more than two standard
deviations from the value expected from
a purely isotropic distribution of events.
[8]
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Composition Analysis

Xmax can also used for identifying
composition

<Xmax > and RMS(Xmax) suggests
nuclei with higher cross-section
• Cosmic rays becoming heavier?
• Cross-section of proton increasing?
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Motivation

To answer the dilemma: “Do cosmic rays become heavier at high energies?”

To use muon production depth information in cross-section studies,

To use more available data (more statistics) → surface detector

Objectives

To develop a first interaction length prediction model that is hadronic
interaction models and composition independent

To develop a method to identify mixed cosmic ray composition
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Di�erent than proton-air cross-section study, muon produc tion depth pro�le is
used. Under certain circumstances, these pro�les can be obt ained by using FADC
traces of surface detector

Combined with the large variations of elasticity and multip licity, the probability
distribution of the �rst interaction length is one of the mai n reason for the large
�uctuation in shower observables. [6]

Some of the shape parameters investigated:
� X (=X max -X 1)
L � , R �
X10mX20, X37

Tolga Yap�c� A method for obtaining first interaction length



Cosmic Rays
Pierre Auger Observatory

Method and Interpretation
Pierre Auger Observatory-RDA

Multi-variate Analysis
Prediction Model
Results and Interpretation

µL
230 240 250 260 270 280 290 300 310

]2
 [g

/c
m

1
Xδ

300

350

400

450

500

550

600

650

700

18.25<lg(E/eV)<20.25
proton

EPOS
0.15)x±40.95)+(4.82±(-735.60

QGSJET
0.13)x±31.59)+(4.17±(-582.20

SIBYLL
0.11)x±29.04)+(4.65±(-703.09

Combined (EPOS+QGSJET+SIBYLL)
0.38)x±100.70)+(3.82±(-490.07

µL
230 240 250 260 270 280 290 300 310

]2
 [g

/c
m

1
Xδ

300

350

400

450

500

550

600

650

700

18.25<lg(E/eV)<20.25
iron

EPOS
0.08)x±21.70)+(4.86±(-758.25

QGSJET
0.15)x±35.65)+(3.95±(-523.66

SIBYLL
0.12)x±30.34)+(4.46±(-659.88

Combined (EPOS+QGSJET+SIBYLL)
0.04)x±10.05)+(4.19±(-585.47

µL
230 240 250 260 270 280 290 300 310

]2
 [g

/c
m

1
Xδ

300

350

400

450

500

550

600

650

700

18.25<lg(E/eV)<20.25
cno

EPOS
0.07)x±17.85)+(4.35±(-616.15

QGSJET
0.10)x±24.84)+(3.53±(-418.88

SIBYLL
0.11)x±28.40)+(4.62±(-697.96

Combined (EPOS+QGSJET+SIBYLL)
0.03)x±6.58)+(4.21±(-586.33

Both composition and hadronic interaction independence were not achieved

Using the relation for parameter and interaction length of a given primary particle
and hadronic interaction does not work.

Some of them show one kind of independence.
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Inputs Neurons Output

Artifial Neural Networks (ANN)

• To find characteristic inputs related to X1

• To limit the number of characteristic inputs
• To remove the composition and hadronic
interaction model dependence
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primary Energy (eV) Zenith Had. Int. Model.

Training p 1018-1021 60◦ QGSJET

dataset SIBYLL

n=10000 EPOS

Validation p, CNO, Fe 1018-1021 10◦-60◦ QGSJET

dataset SIBYLL

n=2000 EPOS

• 15 characteristic inputs were selected, single layer of hidden neurons is used.
• Characteristics inputs were extracted from muon production depth profile.
(ANN preference)
• To eliminate the possibility of optimizing to a local minimum, each case was
trained with its corresponding dataset multiple times starting at different initial
weights.
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Method check

• For interactions X1 < 10 g/cm2, the predictions are not accurate.

• For CNO and iron showers, ∼0.9 g/cm2 and ∼1.5 g/cm2 bias in prediction
observed, respectively.

• No statistically significant residual change is observed for X1 > 10 g/cm2.
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� Systematics were determined for single composition analys is
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� Tail of distribution is used for light
particle interaction length.
� Distribution and light particle
information is used for heavy particle
interaction length.
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GUI developed for mixed composition studies
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Sample MC results for mixed composition

log(E/eV)=18.5, QGSJET
Input p Int. Len.: 47.6±1.3 g/cm2, Input CNO Int. Len.: 17.4±0.3 g/cm2
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Comp. p Int. Len.: 47.9±0.7 g/cm2,
Comp. CNO Int. Len.: 18.3±0.5 g/cm2
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• Error analysis was carried out using
“bootstrap method”
• Randomly chosed subsets of showers
were analysed.
• Tail of distribution is used for light
particle interaction length.
• Distribution and light particle
information is used for heavy particle
interaction length.
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Breaking Point for fitting

• Proton first interaction length: 47.2 g/cm2

• CNO/iron first interaction length: 18.1/11.6 g/cm2

• Breaking point is used for identification. BP>45 g/cm2

Description Impact on Xproton

1,ANN

Statistical error ± 4 g/cm2

Total CNO and Iron fraction <40% +2

−5
g/cm2
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Limitations and Solutions

Due to EM contributions, muon production pro�le can only be r econstructed for
inclined events

Time resolution of FADCs and uncertainty on core position gr eatly impacts
�nding muon production depth pro�le

Upgrades to the detector can help to resolve the limitations
� Faster electronics
� Change the detector con�guration
� Introduce a new detector

These upgrade may require di�erent infrastructure.
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Objectives

New surface detector
design

New communication
systems

Serve as a test-bed for
other instruments, i.e.
monitoring

Surface detector design

Easy tank manufacturing

Single PMT

Low power consumption

New communication systems

Due to infeasible direct communication of surface
detectors on a larger array, Peer-to-Peer Wireless
Sensor Net.
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• Hard real-time communication.

• Redundancy for possible failures of
singular chain.

• Chain redirection.

• Self configuration

• Originally design to work at 4.6GHz,
later operation at 2.4GHz added
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TMS470 - Channel Guardian

Stores the serial number
Monitors the voltages across the board
Monitors the TX windows and slots
Responds when windows and slots are off

ALTERA - PLD

Two processors - IOP and CPU
Receives data from the local station
controller via CAN-bus
Proccesses the received data and send
them over the air
Relays the data from neighbors
Monitors the signal strength of neighbors

TS-7800 - SBC

Operates Debian Linux
Receives/Sends data from/to PLD
through a custom interface
Receives/Sends data from/to
concentrator station through TCP
sockets

Tolga Yapıcı A method for obtaining first interaction length
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Tests in the lab

Attenuators to decrease the signal
strength on receiving station were used.
Stub antenna made by simple wires were
used.
Single chain with 3 stations was tested.
∼90% efficiency for the farther station
observed.
With different configurations (distances),
automatic gain control (AGC) algorithm
was tested.

Tests in the field

2 main communication systems test trips
were done
∼60% efficiency for the farther station
was observed. The AGC algorithm was
improved to increase efficiency.

Tolga Yapıcı A method for obtaining first interaction length



Summary

Pierre Auger Observatory was introduced.
Some of the scientific achievements were discussed.

Effect of liner reflectivity, water absorption length and water temperature
was investigated.
Statistically, shower observables were not affected.

First Interaction Length Prediction Model has been developed.
Systematics and statistical uncertainties were calculated.
Application to observed events is in progress.

Pierre Auger Observatory, RDA is partially operational.
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Thanks for listening...

Any questions?
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